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Abstract: We use molecular dynamics simulations to investigate the solvent mediated attraction and drying
between two nanoscale hydrophobic surfaces in agueous salt solutions. We study these effects as a function
of the ionic charge density, that is, the ionic charge per unit ionic volume, while keeping the ionic diameter
fixed. The attraction is expressed by a negative change in the free energy as the plates are brought together,
with enthalpy and entropy changes that both promote aggregation. We find a strong correlation between
the strength of the hydrophobic interaction and the degree of preferential binding/exclusion of the ions
relative to the surfaces. The results show that amplification of the hydrophobic interaction, a phenomenon
analogous to salting-out, is a purely entropic effect and is induced by high-charge-density ions that exhibit
preferential exclusion. In contrast, a reduction of the hydrophobic interaction, analogous to salting-in, is
induced by low-charge-density ions that exhibit preferential binding, the effect being either entropic or
enthalpic. Our findings are relevant to phenomena long studied in solution chemistry, as we demonstrate
the significant, yet subtle, effects of electrolytes on hydrophobic aggregation and collapse.

I. Introduction put into understanding their properties. In his groundbreaking
work, Hofmeistet ranked ions by their ability to solubilize/

Reqogmtlon Of. salt_solunons as central to the regulation of precipitate proteins, in what is now known as the Hofmeister
chemical and biological processes goes back more than a,

. . o ) o series. In many cases, the common'Nad CI ions mark the
century, starting with Hofmeisteexperiments on the ability

fi lubilize/ . s in 1 Th separation between salting-out versus salting-in. Hofmeister
of lons to solubilize/precipitate proteins in 1888. The purpose ,qqpipeq salting-out to the ability of salts to “absorb” water,

of this paper is to demonstrate how the hydrophobic interaction which he pictured as water molecules attached to the ions and

b;etwtren nr? noscale nonplola_lr SO!FJ;?S.'S mo?\'f'e% by the a:}f_‘d('jt'(fmthus removed from their role as solvent molecules. Experiments
of salt to the aqueous solution. This issue has been studied for,; suggestéd that for salting-out ions, the iorwater

. 5 .
ﬁt dleas:l St:X Qecadés_, and hss Ie_dh to the I_rfl_ot(ljon thactj thed interaction is stronger than the watewater interaction, and
dy ropd.o Ic |n:]eract|on c?nh € T't e(g f;l]mpll e fot: re 'l“'ce 'Avice versa for the salting-in ions. More recent wotkhas
epending on the nature of the salt and the size of the solute. Aye o ngirated that effects of salts on proteins are complicated

i 9
!arge ”“’“_bef of expenme_ntal studiés §ug_gest that an __by the presence of both polar and nonpolar residues, which have
increased ionic charge density, that is, the ionic charge per Un'topposite effects

ionic volume, amplifies the hydrophobic interaction between Following Hofmeister's initial study, many authd?é 13 have

nonpolar solutes. This behavior is related to a decline of the proposed models to explain the effects of electrolytes on the

solubility in the salt solution versus pure water, and is often . . .
referred to as salting-out. The opposite phenomenon is knownpropertles of hydrophobes in aqueous solution. An early
g-out. P P favorite>1112 relates the extent of volume contraction upon

as salting-in. The strength of the hydrophobic interactionis also _. . .
sensitive to changes in the concentration of the electrolyte. This mixing salt and water to the degree of salting-out. A later model
9 yte. by Debye and McAulay? represents both the solvent and the

is described by the empirical Setschenow equaifion. hydrophaobic solute as continuous media, whose interactions with

In light of the biological and medical significance of salt s jons are determined by their respective macroscopic
solutions, itis not surprising that a great deal of effort has been yig|ectric constants. With this view, the electric field around

the ions pulls the material of higher dielectric constant into the

(1) Hofmeister, FArch. Exp. Pathol. Pharmakol888 XXV, 1—30.

(2) Albright, P. S.J. Am. Chem. S0d937, 59, 2098-2104. field and pushes the material of lower dielectric constant away.
(3) Long, F. A.; McDevit, W. FChem. Re. 1952 51, 119-169. Since the dielectric constant of water is higher than that of most
“) ggEWAai’éeB"lEz'gaDegsg‘g_y“f@_l E.; Smith, ARBilos. Trans. R. Soc. London, - oo neytral media, that is, the hydrophobes, the water
(5) Ben-Naim, A.; Yaacobi, MJ. Phys. Cheml974 78, 170-175. molecules will cluster around the ions while the less polar

(6) Samoilov, O. Y.Discuss. Faraday Sod.957 24, 141-146.
(7) Collins, K. D.Biophys. J.1997, 72, 65-76.

(8) von Hippel, P. H.; Schleich, TAcc. Chem. Red969 2, 257-265. (11) Euler, H.Z. Physik. Chem1899 31, 360-369.
(9) Baldwin, R. L.Biophys. J.1996 71, 2056-2063. (12) Gibson, R. EJ. Am. Chem. S0d.934 56, 4—14.
(10) Setschenow, J..2Phys. Chem1889 4, 117-125. (13) Debye, P.; McAulay, Physik. Z.1925 26, 22—29.
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hydrophobic material is pushed into the distant low field region. size of the hydrophobic solute, particularly as the hydrophobic
While these models are fairly accurate in determining the ability solutes approach the nanoscale relevant to biological systems.
of a particular ion to salt-out, that is, reduce the solubility of Other author¥-27 have investigated the effect of salt on the
the hydrophobes, they are severely deficient in their ability to interaction between small, that is, up to a diameter of 0.37 nm,
account for experimental observations of salting-in behavior. hydrophobic particles, either by the Widom patrticle insertion
According to these models, salting-in should occur when either method or by analyzing the radial distribution functions.
dissolving salt causes a volume expansion, or the hydrophobicRecently, we have extended these investigations by studying
solute has a dielectric constant higher than that of water. the spontaneous aggregation of particles with diameter of 0.5
However, that is not always the case. nm in a series of salt solutiod%.However, it is well-known
Our primary aim in this paper is to demonstrate a model that that the hydrophobic interaction is highly sensitive to the length
predicts salting-in versus salting-out for a given type of salt scale of the particles, especially in the transition region from
solution correctly. The key observation is the thermodynamic small to nanoscal&. Similarly, we suspect that the effects of
relationship between the change in the chemical potential of asalt solutions will be qualitatively different in the small and
macromolecule upon the addition of cosolute to the solution nanoscale regimes.
and the excess binding/exclusion of that cosolute to the The size effect can be realized by considering the change in
macromolecule. This was formulated by Wyman through his the waypure waterresponds to the presence of two nanoscale
theory of linked-functiond**>However, it can also be derived  hydrophobic surfaces versus two small hydrophobic particles.
from the change in the surface tension as a function of the excesdf the nanoscale hydrophobic surfaces are brought into close
amount of cosolute at the interface, a dependency given by thecontact while facing each other, at some critical distance the
Gibbs adsorption isotherfiHere, excess amount relates to the confined water between them will spontaneously exit the
number of solute molecules in the vicinity of the surface of the region3°=3¢ This is an example of a microscopic drying
macromolecule compared with the number of solutes that would transition, in which the water confined between the two plates
be in the same volume of bulk solution. Tanford later extended becomes thermodynamically unstable in its liquid phase and
Wyman'’s analysis to incorporate the effect of hydrafibihle evaporates. Nevertheless, the drying transition disappears below
considered the following equilibrium reaction in which two a critical size of the hydrophobic surféend above a critical
macromolecules, A and B, solvated in aqueous solution reactvalue of the plate-water attractive interactiéa8’These factors

with each other to yield the macromolecule C, have recently been shown to play a crucial role in the way
multidomain proteins self-associate; the existence of a dewetting
A(aq) + B(ag)== C(aq) (1) transition was found to depend on the geometry and chemical

composition of the interacting regiofs*1In the present study,
we explore nanoscale hydrophobic surfaces that firmly exhibit
a drying transition. Since association of biomolecules is
primarily driven by hydrophobic interactions, our results are
relevant to many biophysical and biochemical processes.

The outline of the paper is as follows. In the first subsection
Ny, of the Results and Discussion section, we calculate the potential
= Avy — — Avyy = Avy e (2) of mean force (PMF) between two nanoscale hydrophobic plates

w solvated in aqueous salt solutions as a function of the charge
density of the ions. In the second subsection we analyze the
thermodynamics of the plate association process. We find that
an increase of the hydrophobic interaction (salting-out), is a
purely entropic effect. In contrast, a reduction of the hydrophobic

At issue is how the addition of a ligand X will affect the value
of the equilibrium constank, of the reaction. In the limit of
infinite dilution of the macromolecules, the changekiras a
function of the change in the chemical activigy, of the ligand

X can be written as,

dinK
dInay

whereAvy and Avy, are the changes in the number of bound
ligand and water molecules that accompany the reaction of the
macromolecules (eq 1), respectivehy and ny are the total

number of ligand and water molecules, respectively. Here the
preferential blndlng of a ||ga.nd XAUX pref, incorporates the 24) Mancera, R. LChem. Phys. Lettl998 296, 459-465.
binding/exclusion of the water molecules. The relation expressed(25) Smith, P. EJ. Phys. Chem. B999 103 525-534.
26) Kalra, A.; Tugcu, N.; Cramer, S. M.; Garde, B.Phys. Chem. R001,
in eq 2 can also be obtained from a simple thermodynamic 105, 6380-6386.
analysis of an equilibrium dialysis experiméhihe preferential ( 7) Ghosh, T.; Kalra, A; Garde, 8. Phys. Chem. 2005 109, 642-651.
28) Zangi, R.; Berne, B. Jl. Phys. Chem. B006 110, 22736-22741.
binding concept has mainly been used to characterize changes29) Chandler, DNature 2005 437, 640—647.
in the stability of native structures of proteins with respect to (30) Bzeﬁfd D.R.; Attard, P.; Patey, G. 3l.Chem. Phys1993 98(9), 7236~
unfolded states induced by the addition of denaturing rea- (31) wallqvist, A.; Berne, B. JJ. Phys. Chem1995 99, 2893-2899.
gent519 23 (32) Luzar, A,; Leung, KJ. Chem. Phys200Q0 113 (14), 5836-5844.
’ . . . . i (33) Huang, X.; Margulis, C. J.; Berne, B.Broc. Natl. Acad. Sci. U.S.2003
Our second motivation is to investigate the effect of salt 100, 11953-11958.
: i ; ; (34) Leung, K.; Luzar, A.; Bratko, DPhys. Re. Lett. 2003 90 (6), 065502.
solutions on the hydrophobic interactions as a function of the (35) L0, X.: Li, 3.; Eleftheriou, M. Zhou, RJ. Am. Chem. So@008 128 (38),

12439-12447.
(14) Wyman, JAdv. Protein Chem1948 4, 407-531. (36) Choudhury, N.; Pettitt, B. MJ. Phys. Chem. R006 110 (16), 8459~
(15) Wyman, JAdv. Protein Chem1964 19, 223-286.
(16) Gibbs, J. WTrans. Conn. Acad. Arts. Sci878 3, 343-524. (37) Huang X.; Margulis, C. J.; Berne, B.J.Phys. Chem. B003 107, 11742~

(17) Tanford, CJ. Mol. Biol. 1969 39, 539-544.
(18) Parsegian, V. A.; Rand, R. P.; Rau, D.R&@oc. Natl. Acad. Sci. U.S.A. (38) Choudhury N.; Pettitt, B. MJ. Am. Chem. So005 127 (10), 3556~
200Q 97, 3987-3992.

(19) Hade, E. P. K.; Tanford, . Am. Chem. S0d.967, 89, 5034-5040. (39) Huang, X.; Zhou, R.; Berne, B. J. Phys. Chem. R005 109, 3546-
(20) Aune, K. C.; Tanford, CBiochemistryl969 8, 4586-4590. 3552

(21) Lee, J. C.; Timasheff, S. N.. Biol. Chem.1981, 256, 7193-7201. (40) Zhou R.; Huang, X.; Margulis, C. J.; Berne, BSgience2004 305 1605
(22) Schellman, J. ABiopolymers1987, 26, 549-559. 1609.

(23) Timasheff, S. NProc. Natl. Acad. Sci. U.S.2002 99, 9721-9726. (41) Liu, P.; Huang, X.; Zhou, R.; Berne, B. NMature 2005 437, 159-162.
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0.002 ps. We chose the SPC/E model of water to calculate the
interactions of the water molecul&sTheir bond distances and angle
were constrained using the SETTLE algorithtriThe system was
/Y . .
S &Y B & &7 B maintained at a constant temperature of 300 K and pressure of 20 bar.
i Wi i S The electrostatic forces were evaluated by the particle-mesh Ewald
BT BT BT AT B method (with grid spacing of 0.12 nm and quadratic interpolation) and
the LJ forces by a cutoff of 1.0 nm.
The potential of mean force (PMF) between the two plates was
computed from the mean force acting on each of the pfatéShen
the mean force acting between the plates along their axis of separation
was integrated as a function of the distance between the pthtes,

Figure 1. The geometry of the atoms composing the hydrophobic plate yield thg free energy proflle. Slncg the forces acting on the p!ate;
used in this study. The approximate diameter of this disklike shape is 2.1 perpendicular to the axis of separation averaged to zero, as required in

nm. equilibrium, we believe that our results are converged. As the PMF

. . . ) ) represents only relative values, it was shifted such that the free energy
interaction (salting-in) can be caused by either entropic or of the states at the largest separations correspond to zero. For each
enthalpic effect. In the third subsection we analyze the binding/ sait, we performed between 53 and 56 simulations with different values
exclusion of the ions and water molecules to the hydrophobic of d, ranging from 0.36:1.44 nm. At each distance, the system was
surfaces. In particular, we calculai®yions pre the preferential equilibrated for 2.0 ns and data collected for 5.0 ns. At points where
binding/exclusion of the ions to the hydrophobic plates as the force converged slowly (around the wetting/drying transition), the
defined in eq 2. Our results display a strong correlation between data collection stage was extended for an additional 5.0 ns. The error
the strength of the hydrophobic interaction amions,pref in the quantities .obtained from the simulations was estimated using
Specifically, we find that preferential binding induces a decrease the Plock averaging methdd.

(salting-in), while preferential exclusion induces an increase ||| Results and Discussion

(salting-out), of the hydrophobic interaction. In the fourth ) . )

subsection we discuss the mechanism by which salting-in and ~Potentials of Mean Force Figure 2 displays the PMF (free
salting-out take place. Finally, in the conclusion section we energy profile) of the hydrophobic plates, solvated in salt
compare these results with our previous study on small solutions and in pure water, as a function of the distance between
hydrophobic particle3 We observe significant size effects, as their planesd. The curves show that the depth of the potential
small particles do not display a monotonic relation between the Well, atd = 0.41 nm, increases monotonically with the charge
strength of the hydrophobic interaction and the degree of density of the ions. (The largest contribution of the bare (direct)

preferential binding/exclusion. interaction between the plates to the PMF-i69.7 kJ/mol, at
the minimum of the curve.) We observe that the minimum of
II. Methods the curve for pure water is very similar to that of salt solution

We study the effects of salt solutions on the hydrophobic interaction With ion charges oflg] = 0.90 e (curve not shown). Thus,
between two nonpolar, hydrophobic surfaces. Each surface is repre-salting-out of the hydrophobic plates is observed for ions with
sented by a plate of 31 single-layer atoms, arranged in a triangular charge density higher than 0.@0while salting-in is observed
lattice with a bond length of 0.32 nm. The shape of the plate is disklike, for ions with charge density lower than 0.0 (We use the
with a diameter of about 2.1 nm (see Figure 1). The Lennard-Jones teym salting-out when the stability of the associated state in the

(kI:]“/]) p?rf‘meters of thetplate attr? ms amlz &'40. nlrr;;nlokph - O-r?'(l) salt solution is greater than the stability in pure water and vice
mol. In comparison to a methane molecug, IS o larger, wnile versa for the term salting-in.)

e is 60% smaller. Nevertheless, the magnitude of the attraction h ¢ _ hall
between the water molecules and this plate is very similar (as evidenced In the curves foriq] = 0.50 and 0.6@, a second, shallow,

by the water density profiles) to that of water and a hydrocarbon Minimum is observed at =~ 0.9 nm. This is because on bringing
monolayer described at the atomic le¥eDuring simulations, the  the plates from large distances to contact, first the water mole-
positions of the plate atoms are held fixed, interactions between atomscules are expelled, leaving the ions in the interplate region. The
on the same plate are excluded, and the orientation of the two platesions remain in the interplate region for a range of valuesd of
with respect to each other is parallel and in-registry. In the simulations (yielding the shallow minimum ad =~ 0.9 nm) and only at a
with pure water, we used 1090 water molecules, 60 of which were smaller distance, corresponding to the maximd at0.80 and
replaced by 30 cations and 30 anions in the simulations of salt solutions. g g3 ,m for|gl = 0.50 and 0.6G, respectively, do the ions

Allions considered in this study have the same LJ _parametemgrpf exit the region between the plates. In Table 1, we indicate the
= 0.50 nm andkjo, = 1.00 kd/mol. The value ofion is 13% larger . . . .
interplate distances at which the water molecules and ions leave

than for a chloride ion. To represent salts with different ionic charge the interolat ion for diff t val f ionic ch
density, the magnitude of the cationic and anionic charges were varied e interplate region for different values of ionic chargeis

in lockstep, from 0.50 to 1.48, such that the solution was electrically Figure 3 shows snapshots of the simulation box, for a salt
neutral. (In this study, the variation of the charge density of the ions Solution with|g| = 1.00¢, at different interplate distances. The

was performed by allowing the charge to assume a range of noninteger-
values, while keeping the ionic diameter fixed. In nature, however, the (42) Lindahl, E.; Hess, B.; van der Spoel, .Mol. Mod.2001, 7, 306-317.
ionic charge density is varied by changing the charge of the ions in (*3) Berendsen, H. J. C.; Grigera, J. R; Straatsma, T. Phys. Chem.987,

)
)

. . . . . . . 91, 6269-6271.

integer increments, while the diameter of the ions is not quantized.) (44) Miyamoto, S.; Kollman, P. AJ. Comp. Chem1992 13, 952-962.
)
)

i inn ic (45) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.;
All of the ions have a mass of 40.0 amu. The salt concentration is Haak, J. RJ. Chem. Physl984 81, 3684-3690.

fixed at 1.43 molal, although the molarity fluctuated in the range+.20  (46) Pangali, C. S.; Rao, M.; Berne, B. J. @omputer Modeling of Matter
1.35 M as a result of variations in the volume of the solutions. gkaS, P\'/vEdH:‘ ﬁCSDSgTTl%O%U"‘;ée“ES No. 86; American Chemical
. . oclety: asnington y y .
We used the molecular dynamics (MD) package GROMACS version (47 Watart1yabe, K: A?ldersen, H. q. Pphys. Chem1986 90, 795-802.

3.1.42?to perform all of the computer simulations, with a time step of (48) Flyvbjerg, H.; Petersen, H. G. Chem. Phys1989 91, 461—466.

4680 J. AM. CHEM. SOC. = VOL. 129, NO. 15, 2007



Hydrophobic Interaction between Two Plates ARTICLES

60

© 1 g=0.50

% -80 — q=0.60 7]

= _100 — q=0.70 -

LI_ -

< — no ions :

@ -120 — g=1.00 -
] — q=120 _
140 — q=140 ]

040 050 060 070 080 090 100 110 120 1.30 140
d [nm]
Figure 2. The potential of mean force between the hydrophobic plates as a function of the distance between theit, glbottes] for few salt solutions

(at concentration of 1.43 molal) with different charges of the ions. The planes of the two plates are parallel and in-registry with respect to. déate othe
that atd = 0.90 and 0.71 nm the ions and the water molecules, respectively, can just fit (based on the LJ diameters) into the gap between the plates.

Table 1. The Interplate Distances, d (nm), at Which the Water only considered the in-registry configuration. However, it is
Molecules and the lons Leave the Region between the Plates

during the Association Process for Different Values of lonic likely that out-of-registry alignment of the plates is more stable
Charges in the contact configuration.) The value &G, calculated from
ionic charge [¢] water ions the difference between the value of the PMF of these two states,
0.50< |ql < 0.65 1.15-1.36 0.82-0.86 as a function of the charge of the ions is shown in Figure 4a.
0.70= |q/ = 0.85 1.06-1.10 0.89-1.12 We observe a significant increase in the magnitude of the
‘1’;382 Igl 2 1;}18 2:88”'00 11'_13‘;1;218 hydrophobic interaction as the charge density of the ions

increases. (It is possible that a minimum in the strength of the

center frame, corresponding tb= 0.96 nm, is close to the  hydrophobic interaction (thus, a maximum in the value\c)
critical distance of the drying transition. Water in the liquid Will be observed in the range of ionic chargeg between 0
phase is unstable inside the region between the two plates, ever@nd 0.5e, given the strong hydrophobic character of the ions.)
though the gap of width~0.56 nm can accommodate at least The change in the potential energy of the whole system for the
two layers of water. association process\E, is shown in Figure 4b. Since the

Thermodynamics of Salting-In and Salting-Out.A measure difference in the system energy is obtained by subtracting a
of the liquid induced plate association is given by the free energy large number from a similar large number, the accuracXf

difference,AG, of the following process: is quite low. To this end, the simulations representing the
N associatedd =0.41 nm) and dissociated &1.44 nm) states
P(aq)+ P(ag)~ P,(aq) ®3) were extended to a total time of at least 45.0 ns for each value

where B(aq) is the associated statedat= 0.41 nm and 2P(aq)  of |g|. The corresponding change in the entropy of the system,
is the dissociated state @t= 1.44 nm. (For simplicity, we have  AS derived from the relatiodG = AH — TAS is shown in

d=0.41 nm d=0.96 nm d=1.44 nm
Figure 3. Snapshots of the simulation box, for salt solution wigh= 1.00e, at different values of the interplate distance. For clarity, only a slice (with
a width of 1.6 nm) of the box, perpendicular to the plates planes is shown. The plate atoms are depicted in purple, positive ions in red, and negative ions
in blue. The hydrogenbond network of the water molecules is shown by thin lines. The sizes of the different atoms are not plotted according to their
excluded volume.
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Figure 4. Thermodynamics of the association process of the two
hydrophobic plates solvated in salt solutions as a function of the charge of
the ions: (a) the free energy difference, (b) the potential energy difference,
and (c) the entropy differenc8AS The values obtained for pure water
are indicated by horizontal lines.

Figure 4c. The change in enthalpyH, is approximated by the

change in energy, since the volume change between the twoy . o, salting-in ions|g =

states is negligible. To obtain the solvent induced contribution

unfavorable waterplate interactions. Moreover, it has been
suggestet! that the positive value okSin pure water is caused

by an increase in the number of ordered water molecules around
the hydrophobic plates at separation. Both, the enthalpic and
entropic contributions also exist, significantly, in salt solutions.
However, the effect of the ions is reflected in a change of the
magnitudes of these contributions relative to pure water.

Figure 4 indicates that the value ff| for which AG(q) is
the same as in pure water (the transition for salting-in to salting-
out) is|q| = 0.90e. Furthermore, the value &fH (and, thus,
AS) at |g = 0.90 e is very similar to that in pure water.
Therefore, we will compare the effect of the ions ARl and
AS with respect to the corresponding values in pure water.

In the salting-out regimgg| > 0.90¢, the magnitude oAE
(which is negative) is smaller than that in pure water. Therefore,
enthalpyis notthe driving force for salting-out (strengthening
the hydrophobic interaction). On the other hand, in this range
of |q|, the magnitude oAS (which is positive) is larger than
that in pure water. This indicates, that the driving force for
salting-out (induced by high charge density ions) is entropic.
The driving force for salting-in depends on whether the charge
density of the ions is medium or low, yielding two distinct
regimes. In the first salting-in regime, 0.20|q| < 0.90¢€, the
magnitude ofAH is larger, while the magnitude &Sis smaller,
than that in pure water. Therefore, salting-in (weakening the
hydrophobic interaction) in this regime (induced by medium
charge density ions) is also driven predominately by an entropic
effect. In contrast, in the second salting-in regime, 0550
< 0.65¢e, the magnitude oAH is smaller, while the magnitude
of ASis mostly larger, than that in pure water. This reveals
that the driving force for salting-in in this regime (induced by
low charge density ions) is enthalpic.

Preferential Binding/Exclusion of the lons. Equation 2
predicts a correlation between the valuesA@ displayed in
Figure 4a and the preferential binding/exclusion of the ions to
hydrophobic surfaces:

d(AG) = —RTAUjgns prefd IN @gns (4)
The densities of the cations, anions and water molecules around
the hydrophobic plates are shown in Figure 5. We chose to
perform the analysis when the plates are in contact, that is, at
d = 0.41 nm. (The contact distance in a LJ system is usually
the point where the interparticle potential crosses zero, i.e., at
d = 0.40 nm. In this study, the contact distance corresponds to
the minimum of the PMF.) The top panel displays a projection
of the cations and anions onto tgeplane of the simulation
0.50¢), “neutral” ions that do not
cause a change in the hydrophobic interactiggs=€ 0.90¢),

to the free energy and enthalpy changes, the value of the direct, salting-out ions |§ = 1.40 €). The projections are

(bare) potential energy change between the plate&9(7 kJ/
mol) has to be subtracted from the value A6 and AH,
respectively.

The values ofAG, AH, andAS shown in Figure 4 for pure
water indicate that the driving force for plate association is

caused by both a negative enthalpy change and a positive;,o number of anions. Fdg|

entropy change. The solvent induced contributioAkbis about
—52.7 kd/mol. The value oTAS is 56.4 kJ/mol. Thus, the

superpositions of 1000 frames and shows a slab with a thickness
of 1.50 nm along the-axis. The projected slabs contain an
average of 23, 22, and 34% of the total ions fgr = 0.50,
0.90, and 1.4@, respectively. (Fofq) = 0.90 and 1.4 the
number of cations, found inside the slabs, was very similar to
= 0.50 e there were 3% more
anions than cations.) The middle panel of Figure 5 displays the
analogous projections for the water molecules. In this case, the

magnitudes of the favorable enthalpy and entropy changes that, e ctions are superpositions of 50 frames. From this figure it

drive the association process in pure water are similar. The
negative value of the solvent inducad is largely a result of
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Figure 5. The top panels represent the projection of the simulation box ontgzti@ane (perpendicular to the plates planes) of the anions (blue dots) and
cations (red dots) forg| = 0.50, 0.90, and 1.46in the associated statd € 0.41 nm). For clarity, the projection shows a slab with thickness of 1.50 nm

along thex-axis of 1000 frames. Since the ions are represented by dots, the drawn radius of the circles representing the plate atoms include the LJ radius
of the plate atoms and the LJ radius of the ions. The middle panels show the same as the top panels but for the water molecules using 50 frames. Here the
drawn circles of the plate atoms include the LJ radius of the plate atoms and the LJ radius of the oxygen atom of the water molecules. The lower panels show
the distribution functiong(2), of the anions, cation, and water (in the associated state) that are found in a cylinder ala@xitheith a diameter of 1.8

nm. The distributions are normalized by the random distribution.

is clear that salting-in behavior (reduction of the hydrophobic in these density plots. The distributions confirm the results
interaction) is associated with preferential binding of the ions presented in the upper and middle panels, i.e., that low charge
to the hydrophobic plates. Namely, an increase in the density density ions display preferential binding while high charge
of the ions and a depletion of water around the plates. In density ions display preferential exclusion. Hqr = 1.40¢€,
contrast, salting-out behavior (amplification of the hydrophobic the first layer around the plates is almost completely void of
interaction) is associated with preferential exclusion of the ions ions, while for|g] = 0.50 and 0.9@, the first layer around the
to the hydrophobic plates. Thus, there is a decrease in the densitylates contains more anions than cations, indicating a negative
of the ions and a slight increase in the density of water (see surface potential. This is in agreement with experimental
below) next to the plates. measurements of the surface potential at thewater interface
The lower panel of Figure 5 displays the one-body density of aqueous solutions of electrolytes with comparable size of
function for the anions, cations, and water molecules along anions and cation®, as well as NMR studies of the self-
the z-axis of the simulation box. (The distributions are normal- association of hydrophobic particles in salt soluti®h® This
ized by the uniform density, i.e., the number of ions divided by effect is probably caused by the asymmetry of the charge
the free volume outside the exclusion zone of the plates.) Only distribution of the water molecules.
particles inside a cylinder along theaxis of the simulation
box with a radius (in thexy-plane) of 0.90 nm are considered (50) Jarvis, N. L.; Scheiman, M. Al. Phys. Cheml96§ 72, 74—78.
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To quantify the degree of preferential binding/exclusion of poF T - T - T T T T ~ T T~ T " 1]
the ions to the hydrophobic plates we calculate the value of - 1
AUions,pref by E 30k n

_ Nsait § 4o 7

AUions,pref_ (Aycations+ AUaniongl2 — 5 Vwater (5) 3 i |

nwater "'-‘g 50 -

= r N 4

where Nsart = (Ncations + Naniond/2. I this representation, the & o} : anions ||

activity that appears in eq 4ions is the activity of the salt, an  &* | cations | |
. . : . ~ +— water

average over the cations and anions. To estimate the difference - -7.0 -

in the number of bound particles to the plates in the association®
process (eq 3), we integrated the density functions shown in §
the lower panel of Figure 5. The integration, over the cylindrical a 90k
volume element, along theaxis was performed from= 0.30 L
to z= 3.00 nm (the center of the plates iszat 1.65 nm). The 00 4 o
boundaries of the integration capture the particles that are presen " " "
in the first two layers away from the plates. For larger distances
the distribution of the ions is homogeneous (bulk). The
difference in the number of bound patrticles in the association
process is the negative value of this integral. This is because in 00
the association process part of the plates’ surface area in contac Z -1.0
with solution is eliminated. %_2,0
Figure 6a displays the values &P cations AVanions aNdAVater
that accompany the association process as a function of the ionic
charge of the salt solutions. All three curves intersect around
|gl = 0.90¢€, the transition from salting-in to salting-out. It is 50
evident that the behavior of the ions is opposite to that of water,  -6.0
and the asymmetry between cations and anions found in Figure 70

80

20
1.0

Vion

. . . | TR | —— PR | 1 | IR " 1
5 is also displayed here. In Figure 6b we plot the value of 050 060 070 080 080 100 110 120 130 140

Avions pref@s a function the charge density of the ions. Negative qle]
values OfAUions,pref indicate preferential binding of the ions Figure 6. (@) The change in the number of “bound” anions, cations, and

; S . -.1» water molecules that accompany the association pro@essidhs Aveations
relative to the binding of water and are clearly associated with andAwvwate) as a function of the ionic charge of the salt solutions. A patrticle

salting-in. (The sign ofAvions pref arises from considering the s defined as bound if it lies within the first two layers away from the plates.
association process (eq 3).) Positive valueA@ns prerindicate The change in the number of water molecules is normalizedsnater
preferential hydration, that is, preferential binding of water and The values of all curves are negative because in the association process

lusi fthe i d iated with salti t Th part of the plates’ surface area in contact with solution is eliminated. (b)
éxclusion arthe lons, and are assoclated with saling-out. Thus, o preferential binding of the ion&yions prer(defined by eq 5), as a function

we find that the transition between salting-in and salting-out of their charge density. Note that for the association process, positives values
occurs whemMvigns prefis Zero. of Avions prefindicate preferential binding of water and exclusion of the ions

In Figure 7, the free energy of the plate associativg, is relative to the hydrophobic surface and vice versa for negative values.

plotted against the values @&uwions pref We observe a strong —T——T T T T —T— .
relation between the extent of preferential binding/exclusion of ~ _ ~ + | 3
the ions relative to the plates and the magnitude of the . binding ! orclusion ]
hydrophobic interaction, as measured A. Three regimes, -1500F N
identified by three different slopes of the curve, are easily s ]
identified: (i) the salting-out regime\vions pref> 0 induced by E-mo.o:— B
preferential exclusion of high-charge-density ions, (i) a salting- 2 F ]
in regime,—2.5 < Avions pref < 0, caused by weak preferential 7 “"7°°F E
binding of medium-charge-density ions, and (jii) another salting- < " ]
in regime,Avions pref < —2.5, caused by preferential binding of eoor % E
low-charge-density ions. The different slopes represent the o/ F P 3
different dependency the chemical activity of the salt has on . | .
the ionic charges. 2000F : 3
Mechanism of Salting-In and Salting-Out.As we showed e
earlier the driving force for plate association in pure water is AVions, prer (@)

due to both the negative changeAifl and the positive change  Figure 7. The free energy difference of the association proc€g), as
of ASthat accompany reaction eq 3. The corresponding value a function of the preferential binding of the ion&pionspres Preferential

of AG can decrease or increase in salt solutions, yielding either binding of the ions to the hydrophobic surface is associated with salting-in
. L . : while preferential exclusion is associated with salting-out.
salting-out or salting-in, respectively. On the basis of the results

obtained in this study (the thermodynamics and preferential
(51) Holz, M. J. Mol. Liq. 1995 67, 175-191. indi ; i+
(32} Sacco, A de Gillis F. M. Holz, M0, Chem. Soc., Faraday Trar098 binding analyses), we will demonstrate how the a_ddltlon of salt_
94, 2089-2092. to the aqueous solution can change the enthalpic and entropic
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contributions of the association process. This permits us t0 0.50 < |g| < 0.70 e). As a result, the association process
determine the mechanisms by which salting-out and salting-in becomes less favorable with reducig.
take place.

Salting-out, which is an entropic effect, can be described as V- Conclusion
follows. As the charge density of the ions increasgs* 0.90
e), there is greater tendency for the ions to form hydration
complexes that reside away from the hydrophobic surfaces (thus
the ions exhibit preferential exclusion). This decreases the
available volume, and thus the configurational entropy, of each

In this study, we have investigated how ions of various charge
densities influence the magnitude of the solvent-mediated
‘attraction and drying between two nanoscale hydrophobic
surfaces. To accomplish this, we have used molecular dynamics

of the species in solution. In the platplate association process, simulations to calculate the potential .Of mean force betwgen
part of the surface area of the hydrophobic plates in contact two nanos_cale hydr_ophoblc surfaces In agueous salt solutions
with the solution is eliminated, leading to an increase in the as a_functlon of the |9n|c_charge per unit ionic volyme (charge_
entropy change. Hence, in order to maximize the entropy the density). The attraction is expressed by a negative change in
association process becomes more favorable. the free energy as the plates are brought together. For pure water,
Salting-in is induced by preferential binding and can be of both the enthalpy and entropy changes promote aggregation,

either entropic or enthalpic origin. The strength of the water roughly, in equal contributions. We find _ex_cellent _correlation
ion interactions decreases as the charge density of the ions ié)etween the strength O_f the hydrop_hoblc mteractlon ar_ld the
reduced. When the wateion interaction becomes smaller than degree of preferential binding/exclusion of the ions relative to
the waterwater interaction, the ions will preferentially bind ~the surfaces. An increased hydrophobic interaction relative to
to the hydrophobic plates. The binding of the ions to the plates PUre water, referred to as salting-out, is a purely entropic effect
can affect the entropy in two opposite ways. First, because of associated with ions of high charge density. These ions exhibit
the binding (loss of translational motion and preferential Preferential exclusion by forming strong hydration complexes
exclusion of water from the plates), the entropy change of the far away from the hydrophobic plates. A decreased hydrophobic
association process will increase (as less ions can bind to theinteraction relative to pure water, referred to as salting-in, is
plates and there is larger available volume for the water associated with ions of medium and low charge density that
molecules when the plates are in contact). However, the results€xhibit preferential binding. The salting-in effect can have either
shown in Figure 4c indicate a decrease in the entropy in this entropic or enthalpic origin. The weak binding of medium-
region. Second, the binding of the ions reduces the concentrationcharge-density ions induces an increase in the number of ordered
of the ions in the bulk. We observe that low-charge-density ions water molecules in solution and, therefore, a decrease in the
increases the ordering of the water molecule around them entropy change for the association process. On the other hand,
(analyses not shown but will be presented in future publication). low-charge-density ions are nearly hydrophobic and tend to
Thus, the binding of the ions to the plates causes the entropyadhere to the hydrophobic surfaces. This strongly reduces the
change of the association process to decrease (since in thenagnitude of the enthalpy of the plate dimerization and induces
associated state there are more ions in solution). These opposingalting-in behavior.

contributions result in the minimum observed|att = 0.70e These findings differ significantly from our recent study on

in the curve ofAS(q) in Figure 4c. In the region 0.78 [0l < he effect of electrolytes on the propensity for aggregation of
0.90e, the entropy decreases with increasing binding. This will ¢, hydrophobiparticles?? In that case, we did not observe

.retsultlr;asmﬁlller m;gnltudet?fez that '?' Wei?ker.hy(jrgpho?cb a monotonic relationship between the degree of preferential

n e(;gc |onr.] UZ’ 'et mec an(ljs(;nl 0 Ea |n?-|n. n f;Jcet 0 7y0 binding/exclusion and the magnitude of the hydrophobic

Te 'uing)cggreg?; ;Sjltg ::?ni?easrévﬁ]nthg izr:wobp;r: (?f i(r: d’er(.e d interaction. Rather, at the concentration of ions employed in

= 1d o o . the current study, called low concentration in our previous study,

water molecules (around low-charge-density ions in the bulk) . . .

that accompany the association brocess we found that ions of low and high charge density always led
pany P ) to anincreasein hydrophobic aggregation. Only in a region of

A<S (t)h$ Ocha}:geer dq5|ty ?fr:he, lons decreases flgt:er'l 8.50 ‘ charge density, where the strength of the-evater interactions
lﬂl. t. ?’; € lm Ir;gobt elonsth séronger atlr:c tte (')I'SP?O are comparable to the watewater interactions (i.e., for

eirtransational motion become the dominant factor. There- medium-charge-density ions), was there no change in the
fore, the change in entropy of the association process increases

as the charge density of the ions decreases. This is not thepropensny to aggregate refative to pure water. We also

driving force of salting-in as an increaseASinduces stronger discovered that the physical mechanism behind the increased
hydrophobic interactions. In this regime, the driving force of ag%].rega}tltcr)]n |.nducted gy tk;)etlotv%/-char]?e-der;stlt:y E)n; Wis t:he
salting-in induced by low-charge-density ions is enthalpic and ability of the lons to adsorb to the surface of the hydrophobic

the mechanism is as follows. Consider a hydrophobic plate particle aggregate, thgs forming a“mic_elle-lik_e" structure with
solvated in salt solution. Then, the binding of low-charge-density '€duced surface tension. As these micelle-like structures can
ions to the hydrophobic plates reduces the enthalpic penaltybe solublg_ln water, we be!leve that the elfectrolyte can increase
arising from the unfavorable ierwater and platewater the sqlublllty and prop_en§|ty for aggregatlo_n at the same tlme.
interactions. Consequently, this reduces also the surface tensioff 0" high-charge-density ions, the mechanism for aggregation
of the plate-water interface (the ions behave as “surfactants”). Of small hydrophobic particles is purely entropic, as demon-
Therefore, the binding of the ions cause a reduction in the Strated in the present study.

magnitude of the favorable enthalpy change for association It would seem that there is little connection between the
process (as is shown by the sharp increasghdin the region, effects of electrolytes on nanoscale hydrophobic surfaces and
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small hydrophobic particles. However, in our previous watrk, In conclusion, we have demonstrated the unique effects of

where we also studied ionslgigh concentration, we found that  electrolytes on the hydrophobic properties of solutes of various

ions with low charge density reduce the propensity for aggrega- sizes, ranging from small nanoscale particles to large nanoscale
tion of small hydrophobic particles. We believe that this is the surfaces.

on ly regime of rgduced aggregatltl)n.'AIthough'we did not pursue Acknowledgment. This research was supported by the

simulations of high-charge-density ions at high concentration, National Science Foundation via Grant NSF-CHE-03-16896
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